Introduction
Excised leaves of the succulent plant Bryophyllum fedtschenkoi show an endogenous circadian rhythm in their rate of carbon dioxide emission (17, 18) . The rhythm occurs when leaves kept at a constant temperature and in an air stream initially free from carbon dioxide are transferred from light to prolonged darkness. The entrainment of the basic oscillating system in Bryophyllum leaf cells by various cycles of light and darkness and the extent to which entrainment depends upon the light intensity in the cycles are described in this paper.
Exposure of an organism to cycles other than 24 hours in length can modify the period of its endogenous circadian rhythm. When this occurs the period usually becomes either equal to, or a multiple of, that of the stimulating cycles. The former phenomenon is termed "entrainment" and the latter is a special type of entrainment known as "frequency demultiplication".
Both plant and animal rhythms can be entrained by cycles of light and darkness having a period other than 24 hours. In most organisms such entrainment occurs only when the amount by which the period differs from 24 hours lies within certain limits, and these appear to be different in different organisms. When the period of the light-dark cycles is less than 24 hours, clearly defined limits of entrainment have been observed in all organisms investigated. For example, the rhythm of leaf movement in Canavalia ensiformis entrains to 8: 8 but not to 6: 6 hour cycles of light and darkness (8) , whereas that of petal movement in Kalanchoe blossfeldiana entrains to 6: 6 but not to 4: 4 hour cycles (5) . On the other hand, when the period of the stimulating cycles exceeds 24 hours limits of entrainment have been observed in a few organisms (2, 4, 12) but not in others (8, 9, 10, 14, 15) . Entrainment data for plant and animal rhythms have recently been tabulated and discussed by Bruce (1) .
Although the limits of entrainment have been determined for a number of biological oscillating systems and given considerable emphasis in the literature' (1, 3) , the extent to which they are a function of the light intensity in the stimulating cycles has not previously been critically investigated. Furthermore, little attention has been given to the possibility that the observed entrainment is the result only of a direct effect of light on the biochemical or physiological process being used to monitor the behavior of the unidentified basic oscillating systems.
Materials & Methods
The plants of Bryophyllum fedtschenkoi, R.
Hamet et H. Perr. de la Bath. were grown in a greenhouse in short days. Natural illumination, supplemented throughout the year with a Philips high pressure mercury vapor lamp and four 100-w tungsten lamps, was given from 0800 hours until 1600 hours. The leaves were excised between 1500 hours and 1530 hours and placed in glass tubes through which streams of air, initially free from carbon dioxide, passed at a rate of 1.55 liters per hour. Three sample tubes, each containing three or four leaves, and a blank tube were immersed in a water bath controlled to 26 + 0.05 C. Beginning at 1600 hours two of the leaf samples were treated with the various cycles of light and darkness while the third was kept in darkness as a control. The rate of carbon dioxide output of the leaves was automatically measured and recorded by an apparatus incorporating an infra-red gas analyser (17, 20) . The unfiltered white light in the stimulating cycles was provided by tungsten lamps, its intensity being measured in meter-candles (lux) with an Everett-Edgecombe autophotometer. The rate of carbon dioxide output of the leaves has been plotted at hourly intervals against time of day. In some figures both sample curves are shown together with the control to indicate the reproducibility of the results; in others only one sample curve is shown and the positions of the peaks of the control rhythm are indicated by vertical broken lines for clarity. The method for estimating the times of occurrence of the peaks has been described in detail in previous papers (17, 20 Leaves were also exposed to 6: 6 and 3: 3 hour cycles in which the light intensity was lower than that used in the experiments shown in figures 3A to D and 4A and B. The rhythm was entrained by 6: 6 hour cycles with light at an intensity of 500 lux, the peaks occurred at approximately 12-hour intervals ( fig 5A) . On replacing the stimulating cycles by prolonged darkness the rhythm regained a circadian period and the next peak occurred 18 hours later at 2200 hours. This indicates entrainment of the basic oscillating system in the leaf cells.
In contrast, entrainment of the rhythm did not occur when leaves were exposed to either 3: 3 hour cycles in which the light intensity was 500 lux (fig 5B) or 6: 6 hour cycles in which the intensity was 100 lux (fig 5C) . The first peak of the rhythm occurred at 1300 hours in figure 5B and at 0600 hours in figure SC, but in each experiment the second peak occurred 22 to 23 hours after the first one. In figure  5B prolonged darkness began at 0400 hours, between the second and third peaks of the rhythm. The interval between these peaks was approximately 25 hours but the time between the onset of darkness and the next (3rd) peak was only 9 hours. The third peak was slightly delayed by the onset of continuous darkness but later peaks occurred at intervals of 23 to 24 hours. In figure 5C prolonged darkness also began at 0400 hours, but this was at the crest of the third peak of the rhythm. 5 . A, Entrainment of the rhythm by 6: 6 hour cycles in which the light intensity was 500 lux. B and C, show absence of entrainment in leaves exposed to 3: 3 hour cycles in which the intensity was 500 lux (B) and 6: 6 hour cycles in which the intensity was 100 lux (C). Positions of peaks in the control rhythms are shown by vertical broken lines. occur 17 to 19 hours after the onset of continuous darkness indicate that entrainment of the basic oscillating system in the leaf cells did not take place in these two experiments. The occurrence of frequency demultiplication while the leaves were exposed to the light-dark cycles is unlikely because in neither experiment was the period of the rhythm a multiple of that of the stimulating cycles.
Although the rhythms were not entrained in the experiments shown in figures 5B and 5C the peaks of carbon dioxide output did not occur at their usual m m m m~~~~~~~~~C timle of clav. When leaves kept at 26 C are transferred to prolonged darkness at 1600 hours after a normal 8-hour day, the first peak of the rhythm occurs at 1000 hours to 1100 hours the following morning. The first peak was 2 to 3 hours late in figure SB and 4 to 5 hours early in figure 5C . It could be suggested that as the periods of the rhythms in these two figures are close to 24 hours, this variation in the time of occurrence of the first peaks is evidence of frequency demultiplication. However, other experiments have shown the periods of rhythms in leaves exposed to 3: 3 hour cycles to be approximately 19 and 21 hours ( figs 6A & B) . The light intensities in these cycles were 300 lux ( fig 6A) and 500 lux ( fig 6B) . A period of 21.5 hours was recorded in a similar experinment during treatment of the leaves with 3: 3 hour cycles in which the light intensity was 100 lux. The periods of the rhythms in these experiments are sufficiently different from 24 hours to eliminate the possibility that frequency demultiplication is taking place. The variation in the times of occurrence of the first peaks in the curves shown in figures 5B and C and 6A and B, and the shorter periods found in figures 6A and B, are most probably due to some of the light exposures exerting a slight phase shifting effect on the basic oscillating system in the leaf cells. A light treatment of 3 or 6 hours duration shifts the phase of the rhythm when it is given between, but not at the crests of, the peaks (18, 19) . While repetitive exposure to 3 or 6 hours' low intensity illuminationi dces not entrain the rhythm, those exposures which occur in that part of the cycle where the phase is most sensitive to light could have a slight effect on the position of the next peak of the rhythm.
Discussion
The rhythm of carbon dioxide output in Bryophllum leaves is (lue principally to the periodic activity of the process which brings about the fixation of carbon (lioxide in darkness (16) . It is not known whether this process is the basic oscillating system of the leaf cells or whether it is rhythllmic only because it is coupled to the basic oscillator. The observed entrainment of the rhythm of carbon dioxide emission could, therefore, be clue to the light-dark cycles affecting only the rate of carbon dioxide metabolism of the leaves and not the basic oscillating system. This possibility has been considered in section II of the Results and it has been concluded that the data presented in this paper show that the basic oscillating system in the leaf cells can be entrained by cycles of light and darkness having periods ranging from 6 to 48 hours.
Entrainment of the basic oscillators to cycles longer than 24 hours occurs at high and low light intensities. Even at 25 lux, no upper limit of entrainment is observed as the period of the stimulating cycles is increased to 48 hours. In contrast, when the period of the cycles of light and darkness is reduced from 24 to 6 hours the limit of entrainment of the basic oscillating system in the leaf cells is a function of light intensity. The existence of a sinmilar relationship in other organismiis has not been established, although one may holcl for the basic oscillator in Gon vaulax Pol vedra. The rhythm of luminescence in this dinoflagellate is entrained by 6: 6 hour cycles -with light at an intensity of 800 ft-c, but at 200 ft-c entrainment is less distinct. However, the final phase of the rhythm appears always to be determined by the time the cultures are transferred to continuous dim light (6, fig 6) . This suggests entrainment of the basic oscillator to 6: 6 hour cycles even at 200 ft-c. Before entrainment could be established with certainty at this light intensity it would be necessary to replace the light-dark cycles by prolonged dim light at different times of day to determine whether the next peak of luminescence always occurs approximately 18 hours after the change.
Hitherto, the limits of entrainment have been regarded as a fixed characteristic of the basic oscillating system in an organism rather than a function of the intensity of illumination in the stimulating cycles. In Bryophyllum, however, the lower limit of entrainment of the basic oscillator is determined by the level of radiation energy in the entraining cycles. Until it is established whether or not this is the case in other organisms, use of the term "limit of entrainment" without specifying the energy level (light intensity) employed should be discontinued.
In those experiments in which the rhythm in Bryophyllum leaves was not entrained by the light-dark cycles of period less than 24 hours, it is possible that either the basic oscillators were essentially unaffected by the periodic stimulation or that frequency demultiplication took place. The latter possibility can be eliminated because the periods of the rhythms of carbon dioxide output in these cases were never multiples of those of the stimulating cycles. Bruce (1) has drawn attention to the generalization that if a rhythm is readily shifted and quickly entrained by light, frequency demultiplication is less likely to occur. The oscillator in Bryophyllum conforms to this generalization because of the absence of frequency demultiplication, the rapidity vith which it is entrained by lightdark cycles and the ease with which its phase is reset by a single exposure to light (18, 19) .
The reappearance of a circa(lian period in the Bryophyllum rhythm after the entraining cycles are replaced by prolonged darkness is typical of most other rhythms. There are only two organisms in which this is apparently not the case. Under some circumstances the rhythm of spore discharge in Piloboluis sphaerosporus appears to retain the period of the entraining cycles for a limited time after the onset of a uniform environment (15) . It is unlikely, however, that this phenomenon is due to nmodification of the free-running period of the basic rhythmic process (19, 7) . The alga Hydrodictyon reticulatimi is the only organism in which the persistence of a rhythm equal in period to the entraining cycles has been clearly established (11, 13) .
The induction of phase shifts in the Bryophyllum rhythm by light perturbations has been discussed in previous papers in terms of a model system oscillating between limits A and B (17, 18, 20) . This model represents the unidentified basic oscillating system in the cells. Oscillation of the system is apparently stopped when leaves are transferredl from darkness to light by the system being driven to, and held at, one of its limits (A). When darkness is restored, oscillation begins again by the system nmoving towards limit B. This results in the first peak of the rhythm occurring a specific time after renmoval of the inhibitory condition. At 26 C this time decreases from 17 to 19 hours to 14 to 15 hours as the previous exposure to light is extended from 8 to 50 hours (17, 18, 20) .
Entrainment of the rhythm of carbon dioxide emission can be explained in terms of the basic oscillating system being driven to limit A during the early part of each light treatment and being held at or near this limit until the onset of the next dark phase. During each (lark phase the system will move toward limit B. For short exposures to darkness the system will move only a part of the way toward limit B before being driven back to limit A with the onset of the next light phase. During the longest exposures to darkness, however, the system will actually reach limit B and return again to limit A in the normal course of oscillation before the beginning of the next light phase. This type of mechanism can account for both the immediate reappearance of a circadian period when the stimulating cycles are withdrawn, and the occurrence of the next peaks at specific times (transients) after the onset of a uniform environment. The transients found in the present experiments are closely similar to those reported earlier (17, 20) after previous exposure of leaves to light for similar times.
In a previous paper it was shown that illuminating leaves for 6 hours between the peaks changes the phase of the rhythm. At intensities above 8 lux the magnitude of the phase shift is determined not by the length or intensity of the treatment but by the time it ends. At 2 lux, on the other hand, the phase delay is proportional to the length of the treatnment. This suggests that the level of energy input required to drive the basic system from linmit B to limit A in 6 hours is between 2 and 8 lux (18, 19) . In this paper it is found that entrainment of the rhythm by light-clark cycles of period less than 24 hours is also dependent upon light intensity. It will be noticed, however, that on reducing the intensity, entrainment of the rhythm to 6: 6 hour cycles ceases between 500 and 100 lux. Since both entrainment of the rhvthm to 6: 6 hour cycles and the induction of a phase shift by a single 6-hour III. In contrast, the intensity of illumiiination determines whether or not the rhythm is entrained when the period of the light-dark cycles is less than 24 hours. At 1,000 lux entrainment occurs to 8: 8, 6: 6 and 3: 3 hour cycles. At 500 lux entrainment occurs to 6: 6 hour but not to 3: 3 hour cycles while at 100 lux entrainment no longer occurs to 6: 6 hour cycles.
IV. In all experiments where the rhythm was entrained a circadian period reappeared when the light-dark cycles were withdrawn and replaced by prolonged darkness. Furthermore, the final phase of the rhythm was determined by the time at which continuous darkness began; the next peak occurred a specific time after the onset of darkness. V. The observed entrainment of the rhythm of carbon dioxide emission of the leaves in these experiments is due to entrainment of the unidentified basic oscillating system in the leaf cells and not merely to a direct effect of the light-dark cycles on the rate of carbon dioxide metabolism of the tissue.
VI. The possibility that frequency demultiplication occurred when the system was not entrained has been rejected on the grounds that the period of the rhythm was never a multiple of that of the light-dark cycles.
VII. For light-dark cycles of period less than 24 hours the limit of entrainment of the basic oscillating system in Bryophyllum leaves is not a fixed characteristic but depends upon the light intensity in the cycles. The different limits of entrainment observed in various species of plants and animals might therefore be attributed to the light intensities employed. Use of the term "limit of entrainment" should be discontinued unless the level of radiation energy employed is stated.
VIII. The mechanism of entrainment of the Bryophyllum oscillators by light-dark cycles is discussed and the present results are compared with those of other authors.
